SUMMARY Normal subjects made bilaterally symmetric rapid elbow flexions or extensions ("focal movement") while free standing or when supported by being strapped to a firm wall behind them (different "postural set"). In some trials a load opposed the movement two thirds of the way into its course. Electromyographic activity in leg and trunk muscles ("associated postural adjustments") demonstrated specific patterns for each type of movement. Activity in these muscles began prior to activity in the arm muscles and demonstrated a distal-to-proximal order of activation. The EMG patterns were characterised by alternating activity in the antagonist pairs similar to the triphasic pattern seen in the arm muscles. When the movement type was changed change of the pattern of the postural muscles occurred over several trials. It is concluded that the associated postural adjustments are pre-programmed motor activity linked to the focal movement, specific for the focal movement including anticipated events and the postural set.
Regulation of man's upright posture involves the complex interaction of different systems, operating in both feedback and feedforward modes of control. Feedback mechanisms have been studied by analysing postural responses to direct perturbations of the body relationship to the ground'-7 and also perturbations of a limb where movements of the body would be expected to occur but had not yet occurred.8 Less attention has been paid to the preparatory processes for voluntary motor activity. The preparation of a sequence of activity in different muscles, which we will call a postural pattern, associated with a limb displacement requires taking into account the physical characteristics of the limb movement and the postural requirements. EMG activity in postural muscles which is characteristic for a particular situation has been seen in both primates9- '2 and humans; '3-'7 However, the physiological principles which determine these patterns have not been fully clarified.
The objective of the present experiments was the further examination of the central linkage between rapid voluntary arm movements and the postural adjustments associated with them. For several reasons, we have chosen a fast elbow movement, performed in upright standing subjects. First, a rapid arm movement causes more postural disturbance than a slow one. Second, since there has already been evidence that the EMG pattern in the agonist and antagonist of a fast arm movement is preprogrammed, '8 20 the EMG activity in the postural muscles may also be pre-programmed. Third, the EMG pattern of a fast arm movement is distinctive with a triphasic pattern of sequential bursts of activity in the agonist, then in the antagonist and then in the agonist again. '9-25 A similar distinctive pattern might also characterise postural activity.
Methods
The basic experiments were performed on 17 healthy male and female volunteers ranging in age from 25 to 65 years. In each session, the subject stood upright on a force platform (fig 1) . The (VS) , the subject moves the metal bar (B) which drives the potentiometer (Pot) by pulling on the attached nylon cord (C 1). On some trials the body was supported by strapping the subject to the firm wall. Load is applied in some trials by connecting the mass (M) to B by a second nylon cord (C II) which is guided by means ofpullies over a moving cart (C). M is pulled up after C has covered the span S, which is adjusted for each subject so that the load comes into play after 600 of movement. mounted in front of the platform. With the forearm supinated the subject grasped a horizontal metal bar. In every experimental condition, with the upper arm vertical and held adjacent to the trunk, the subject was asked to perform a bilaterally symmetric fast elbow movement, consisting of moving the bar as rapidly as possible up to 90°of elbow flexion, or down from 900 of flexion to full extension. The subject was instructed to pay more attention to the velocity of the movement than to accuracy. Subjects were given several trials of practice at the beginning of the session in order to familiarise themselves with the system. Four different experimental conditions were investigated with each subject: (1) Unsupported-unloaded: The free-standing subject performed rapid elbow flexions without additional load. (2) Unsupported-loaded: A load of 1 kg was added to the cable attached to the bar at 600 of elbow movement. (3) Supported-unloaded: The subject was strapped to a firm wall with belts and performed the movement without load perturbation. (4) Supported-loaded.
Elbow extensions without any load perturbation were investigated with 10 of the subjects in an unsupported state; two of them were also investigated in the supported state.
Each session was started with one of the unloaded conditions: the sequence of conditions thereafter was arbitrary. At least 10, maximally 15 movements, were made by the subjects for each condition. The interval between two subsequent movements within each condition was at least 30 seconds. The subject relaxed until the experimenter informed him that a new trial would begin. The signal to make the movement was turning on of the light in front of the subject.
With two subjects an experiment was designed in order to investigate the effect of the extent of arm movement on postural responses. The subjects performed rapid elbow flexions up to 50°and 70°in addition to the usual 900 in the unsupported-unloaded condition.
Recording system Using the same equipment as for the investigation of gait in the Gait Analysis Laboratory2627 four types of data were gathered in these experiments: the trajectory of the arm movement, electromyograms from arm as well as from various postural muscles, the foot-floor reaction forces, and high speed cinematography of the subject. The present paper is confined to electromyographic data while the examination of foot-floor reaction forces and motion data will be the subject of a subsequent paper.
Postural adjustments associated with rapid voluntary arm movements
The arm movement in terms of position of the bar was measured with a precision multi-turn potentiometer, driven by a nylon cord which was fastened to the bar.
Electromyographic activity was recorded using surface electrodes placed on the right side of the body over the motor points of biceps brachii, triceps brachii, quadriceps, biceps femoris (long head), tibialis anterior, medial gastrocnemius, thoracolumbar erector spinae and rectus abdominis above the navel. In one subject additional electrodes were placed over deltoidei anterior and posterior. The electrodes were connected to specially designed small preamplifiers (Input impedance > 1 M ohm; gain 450; common mode rejection ratio 105 dB; band width 0-10 kHz) which in turn were connected to variable gain amplifiers with band pass of 15 to 100 Hz.
At the beginning of each session the subject was asked to make a maximal tonic contraction for each of the tested muscles. EMG activity relating to a movement could be compared to this maximal effort in order to obtain information about the approximate percent effort of the muscle in the movement.
Potentiometer, electromyographic and force-plate signals were continuously transmitted to a PDP 11-34 computer and sampled every 2 milliseconds for a total of 1 second. The photic command signal to move was given at the time of initiation of data collection.
Processing of electromyographic data For best visualisation, computer programs altered the gain of the EMG signals to allow them to be plotted as large as possible within a fixed coordinate size. The amplification is represented by a "scale factoe' ranging from 1 to 10 for each muscle tested. From scale factors alone comparisons of signal magnitude for one muscle of the same subject in different trials was possible.
Electromyographic activity was full-wave rectified and plotted on a scale of 0*5 inch (12-5 mm) per 10 ms. From these plots, a signal amplitude of one fifth of full scale was required to define the onset of burst activity. The end of the burst was defined when the last activity of the burst had decreased in amplitude to less than one fifth of full scale, while still being "connected" to the burst by a period of less than 20 ms. The magnitude of EMG activity under different conditions in the same subject was compared by averaging the signals of all the trials within one condition.
The onset of movement given by the potentiometer signal was used as the reference point. Subtracting the averaged data from one condition from that of another condition produced differences in magnitude of activity between the conditions in the same subject. Electromyographic activity was also filtered by means of a symmetrical boxcaraveraging of 10 ms window-width for smoother graphical display of the signals.
Results

THE BURST PATTERNS
EMG activity in the biceps and triceps was characterised by a pattern of alternating bursts similar to the "triphasic" pattern underlying rapid arm movements of less extent in the horizontal plane. In flexion movements a first burst of activity in biceps brachii (agonist) was followed by a period of relative silence during which there was a burst in triceps brachii (antagonist), followed by a second agonist burst. Under the experimental condition of upright stance burst patterns were found not only in the arm but also in the different trunk and leg muscles ( fig  2) . We will define the agonist of a pair of antagonist postural muscles according to which of the two muscles was activated earlier. muscles, gastrocnemius was the agon anterior the antagonist. Time relationships between the difl were provided by measurements of bu in single trials. The beginning of the and postural muscles was related to th( biceps brachii as the prime mover. ceded the onset of arm movement its ms, measured by the potentiometer si paring the onset of movement in film potentiometer signal, the latter was delayed by 20 to 45 ms). For all th time order of agonists was consistent, being the first, erector spinae the sI followed by biceps brachii as the pri 3). The antagonists followed the same although there was only a small diffei the onset times of rectus abdomini brachii. The subject's instruction w movement as rapidly as possible and l to make the reaction time as shor although in general subjects made tht promptly after the visual command. The initial bursts of the postural agonists were is and triceps earlier with respect to biceps brachii than in the as to make a unloaded condition (fig 5) . This effect was more not specifically pronounced for biceps femoris than for erector rt as possible, spinae. The burst durations of the postural muscles eir movements did not change whereas the first agonist burst of Regardless of biceps brachii was significantly longer in the condi- 52 (7) 80 (11) 147 (30) 70 (12) 116 (3) 52 (4) 81)14) 
Supported-loaded condition
The presence of load influenced activity in the supported condition similar to its influence in the unsupported state. There was again a longer duration of the first burst in biceps brachii in the loaded condition, whereas the postural muscles showed similar burst durations under both conditions. The onset of erector spinae was earlier with load similar to the situation without body support ( fig 7B) . The onset time of biceps femoris, however, was not consistent. The interval between the first and second burst in erector spinae was significantly lengthened (p < 0.001). There was also a longer interval in biceps femoris when the second burst could be recognised. There was less postural activity in the supported-loaded than in the unsupportedunloaded condition, especially in the more distal muscles ( fig 6C) . Inhibition of antagonist activity preceding the onset of the first agonist burst in arm muscles as well as in the postural muscfes was seen in some subjects (fig 9) . The time order of the appearance of this inhibitory period in the different antagonists followed the same order of agonist activation which is from distal to proximal.
Extent of arm movement
Two subjects performed sets of elbow flexions with end points of 500 and 700 as well as 90° (fig 10) . In both the onset time of the first burst in postural agonists tended to be earlier with smaller movements. This behaviour was more evident for biceps brachii than for erector spinae. There was some delay of the second burst in the postural agonists in the beginning of the prime mover in all the subjects (fig 8) smaller movements. In the two subjects however, the data in respect of the onset of burst activity did not differ significantly to be conclusive enough. The first burst of biceps brachii was found to be lengthened proportional to the extent of elbow flexion from about 100 to 135 ms, while otherwise the burst durations of arm and postural muscles were the same under different conditions. Triceps brachii and rectus abdominis both showed larger EMG magnitude in smaller movements. Although not significant due to the small magnitude of the averaged signals, the difference for quadriceps tended to be in the same direction.
ADAPTATION
The EMG activity in postural muscles, which has so far been analysed in averages of 1 Or or more trials, varies significantly in the different experimental conditions. By studying serial individual trials when a new condition was begun, it was possible to evaluate how rapidly the postural muscle activity changes to deal with the new condition. There was sufficient variation from trial to trial that monotonic changes were not always found, but trends were evident.
Adaptation of EMG patterns to a new condition took place rapidly within only a few trials.
When the condition changed from unsupported to supported, EMG activity in leg and trunk muscles was already markedly reduced in the second movement and progressively diminished with successive trials (fig. 11 ).
Discusion ARM MUSCLES
The duration of the first biceps burst in flexion movements is long (127 + 9 ms) compared to the durations of the other EMG components and to previously reported values.'923 Moreover, we have found that the first agonist burst duration increases with movement amplitude while former results have demonstrated that the duration of the first agonist 618 32 The latencies of these responses were in the range from 50 to 90 ms following the limb disturbance. It was concluded that these "interlimb reflexes" were centrally driven by afferent input from limb perturbation. In our experiment similar reflex responses might be expected subsequent to the onset of load perturbation. The second bursts of the postural agonists have latencies of 20 to 50 ms with respect to the onset of load, which seems to be a rather short period compared to the latencies of the interlimb reflexes mentioned above. Additionally, these second bursts are delayed from their ordinary time of appearance which is before the load disturbance, and this "inhibition" must be an anticipatory phenomenon. Hence, neither in the agonists nor in the antagonists was there consistent EMG activity which could be reliably identified with a reflex response. Nevertheless, this fact does not exclude peripheral mechanisms being involved in some modification of patterning of postural activity. This is compatible with interpretations of ballistic arm movements: that they are pre-programmed but modifiable.
ADAPTATION
Adaptation to a given postural set2 13 as well as to the properties of the focal movement is found to be a behaviour of associated postural adjustments. Adaptive changes concern both timing and magnitude of bursts of the postural pattern. Pairs of antagonist muscles may change their relationship to other pairs. Additionally, according to their role played in a specific task, bursts of postural antagonFriedli, Hallett, Simon ist pairs may change in magnitude in opposite directions, or alter their timing relative to each other.
Adaptation occurs remarkably rapidly. Changes in EMG patterns take place within only a few trials which is comparable to adaptation of functional stretch responses in leg muscles due to ankle perturbation if they are destabilising posture.' 6 Moreover, initial changes could already be apparent with the first trial of a new condition, without any experience, just with the knowledge of the condition. The presence of partially adjusted patterns already at the beginning of a new condition implies that the preprogrammed motor command is originally crudely prepared on the basis of expectation.33 Subsequently the motor commands are adjusted on the basis of sensory feedback information about the results obtained in previous trials, and this enables the system to optimize the performance.
INTERDEPENDENCE OF FOCAL MOVEMENT AND ASSOCIATED POSTURAL ADJUSTMENT
Associated postural adjustment and focal movement have to be linked to each other since the latter exerts forces to the body to be anticipated by postural activity in order to maintain stability. The temporal coupling of focal movement with associated postural adjustment is proven by our results. The relative timing of bursts is specific for a certain condition and is subject to variation with changes of the focal movement or alterations in the postural set, but does not depend upon the subject's reaction time. There is a proportional increase of the latency between the onset of postural and prime mover bursts with increasing postural requirements. This latency is least with body support which presumably contributes to the phenomenon of shortening of the focal movement's reaction time in this circumstance. '5 16 Changes in magnitude of postural activity are found with different conditions. In general, the earlier the agonist is activated with respect to the prime mover, the larger will be its burst magnitude. The comparison of magnitudes of initial bursts of prime mover and postural muscles (fig 6) reveals clear differences between supported and loaded conditions. With body support biceps brachii usually shows larger magnitude than in the unsupported state while postural activity is markedly reduced. This reciprocal behaviour of postural activity and focal component was described by Cordo and Nashner's and forms the basis of their theory about the organisation of postural adjustments. With the addition of load the magnitude of biceps brachii is in the same range regardless of body support (fig 6) . This might be due to saturation of biceps activity with additional load. In the unsupported state with load perturbation increased activity is seen in both prime
